To characterize the growth of cord blood progenitor cells, single nonadherent, low-density, T-lymphocyte-depleted CD34++' cells were sorted by flow cytometer with an autoclone device into single wells containing culture medium and cytokines. These cells were evaluated for proliferation and for replating ability of their progeny. This latter effect is used as a measure of self-renewal capacity. Colony formation was assessed in 1 o wells containing various cytokines, alone and in combination, and single colonies deriving after 21 days in semisolid medium were replated into 2 O wells in the presence of the combination of purified preparations of recombinant human steel factor (SF, a c-kit ligand), granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), interleukin-3 (IL-3). and erythropoietin (Epo). Replating of single colonies was performed also for 3O. 4O. and 5 O cultures. In the presence of serum, colony formation was observed in >66% of the wells stimulated with the combination of Epo, SF, GM-CSF, G-CSF, and IL-3, and more than 39% of the colonies formed in these l o wells were EMATOPOIETIC stem cells are capable both of self-H renewal and of differentiation into a variety of hematopoietic lineages.'" Our own studies4-' have focused on purification and characterization of hematopoietic stem and progenitor cells from normal human adult bone marrow. This includes sorting of purified CD34+++ cells as one cell/ well using a flow cytometry system attached with an autoclone device that allowed us to study the regulation of granulocyte/macrophage (CFU-GM), erythroid (CFU-E and BFU-E) and multipotential (CFU-GEMM) progenitor cells at a single cell level.' Other investigators have used such a single cell plating system to study expansion of human bone marrow cells from a single cell." Compared with adult human bone marrow, human umbilical cord blood cells are a rich source of hematopoietic stem and progenitor cells.' ',I2 Colonies from CFU-GEMM in the low-density fraction of human umbilical cord blood have replating efficiency in vitro, which suggest at least a limited degree of self-renewal capacity for these cells.13 A population of high-proliferative potential colony-forming cells (HPP-CFC) in murine bone marrow cellsle are believed to be earlier in the stem/progenitor cell hierarchy than CFU-GEMM; the in vitro counterpart of the murine HPP-CFC has been detected in human bone marrow.'','' It was not known whether human umbilical cord blood contained HPP-CFC, and no information was available on the single cell responsiveness of this important cell.
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Umbilical cord blood has been used successfully, in a limited setting, as an alternative to adult bone marrow as a source of clinically transplantable stem and progenitor This highlighted the need to examine further the proliferative and self-renewal potential of early cells within human umbilical cord blood. To this end, we have enriched and isolated an early cell population with very high proliferative and replating potential from human umbilical cord blood using immunofluorescence and flow cytometry. These CD34+++ cells were very large in size (>2.5 mm in diameter, dense in the center, and containing >I O4 cells/colony). The replating efficiency of these large colonies was up to 93% with generation of subsequent colonies of very large size. Replating could be shown for up to five generations. The cells in these colonies were large, nonspecific esterase positive, and contained large amounts of cytoplasm with one or more nuclei containing several nucleoli per nucleus. Smaller colonies (1 to 2.5 mm in diameter and dense in the center) containing similar cells and making up an additional 14% of the colonies formed in 1 wells also showed extensive replating capacity, including generation of larger colonies. These colony-forming cells are likely similar to the murine macrophage highproliferative potential colony-forming cells. The cells giving rise to these colonies are present in about eightfold higher frequency in cord blood than in adult bone marrow. These cells may at least in part be associated with the successful hematopoietic repopulating capacity of umbilical cord blood cells. present in high frequency in human umbilical cord blood. Replating of single colonies has been used as a measure of self-renewal capacity. A single such sorted cell gave rise to a large colony that in turn could be serially replated at least five times as a single isolated colony into a single well every 2 1 days. This suggests some level of self-renewal capacity of the single sorted cell. Characteristics and responses of these unusually HPP-CFC, which may at least in part be responsible for the successful use of small quantities of cord blood to clinically engraft the hematopoietic systems of complete and partially HLA-matched recipients, are described.
MATERIALS AND METHODS
Cells and cell separation procedure. Cells were obtained with institutional review board approval from normal human umbilical cord blood scheduled for discard after delivery of the infant and after prior need for samples for clinical study had been satisfied. Umbilical cord bilical cord blood cells were stained and sorted for CD34+++ and CD34+ cells. The purity of sorted CD34+++ and CD34+ cells was 97% or greater ( Fig ID and E) . When plated at 100 such cells/35-mm culture plates, in the presence of the combination of Epo, SF, GM-CSF, G-CSF, and IL-3, the total cloning efficiencies of CD34+++ and CD34+ cells were respectively 88% (88 colonies/100 cells plated) and 19% (19 colonies/ 100 cells plated), demonstrating the purities of these cell fractions. CD34+++ and CD34' cell fractions were respectively composed of 9 1 % and 40% blast cells. No colonies or clusters were detected using CD34-cells ( Fig IC) plated under the same conditions. To evaluate the direct effects of these cytokines on umbilical cord blood hematopoietic progenitor cells at a single cell level, isolated CD34+++ cells were sorted as 1 cell/well. Before each cell sort the accuracy of placing a single cell per well was substantiated by showing that >94 of 96 wells (>98%) contained a single sorted fluorescent bead (Epics Division, Coulter Corp). Table 1 summarizes the results of four separate experiments in which a total of 280 wells per group were evaluated. No more than one colony formed per sorted cell in a well. In the absence of added cytokines, only 1.3% of the wells contained growth and this was of small CFU-GM-type clusters (<IO cells/ group). In the presence of either SF, GM-CSF, G-CSF, or IL-3, 3.6% to 18.2% of the wells formed colonies. Erythroid colonies or clusters were found only when Epo was added (1.3% positive wells with Epo alone). Increasing numbers of cytokines in a well resulted in an increasing percentage of wells containing colonies. This ranged respectively from 17.5% to 33.9%, 33.9% to 46.0%, and 53.2% to 55.0% with two, three, or four cytokines per well. The highest cloning efficiency was 66.4% for wells containing five cytokines. In this latter group 26.1% of the wells (or 39.3% of the wells with growth) contained very large HPP-CFC-colonies (>2.5 m m in diameter, with a dense center and composed of 1.5 to 9.2 X lo4 cells/colony (n = 2 experiments in which 107 colonies were pooled and the average number of cells/colony calculated) and 9.3% of the wells (or 14.0% of the wells with growth) contained smaller HPP-CFC colonies ( I to 2.5 m m in diameter, with a dense center and composed of IO3 to The results are from four separate experiments using CD34+++ sorted cells. Two hundred eighty wells were evaluated for each point. When
These were small clusters with less than 10 cells/CFU-GM cluster; for 8FU-E, these actually were of the size of CFU-E, except that the day of cytokines were used in combination, the concentration of each cytokine was the same as when the cytokine was used alone.
scoring (day 21) was more consistent with these red blood cell clusters being formed from 8FU-E. Although CFU-GM, BFU-E, and CFU-GEMM colonies formed per single cell in wells without serum, no HPP-CFC colonies were observed in the absence of serum with the different cytokine combinations ( Table 2) .
In a comparative study (total of two experiments) using normal human adult bone marrow cells, of 160 wells each seeded with a single NALT-CD34+++ cell in the presence of five cytokines, 92 colonies formed, for a cloning efficiency of 58%. Of these colonies, 6 were HPP-CFC, 67 were CFU-GM, 10 were BFU-E, and 9 were CFU-GEMM. Thus, 6.5% (range of 5% to 8% for two experiments) of the colonies that formed were HPP-CFC. This is about eightfold less than that noted above for HPP-CFC in lowells seeded with cord blood cells in which a total of 53.3% of the colonies that formed were HPP-CFC-derived. 20, 9, 4, und5' cultures. To determine the replating potential of hematopoietic progenitor cells from umbilical cord blood as an estimate of self-renewal, a total of 568 HPP-CFC and 96 CFU-GEMM colonies stimulated in the primary wells with at least three cytokines (e& Epo, SF, and either GM-CSF, G-CSF or IL3) and up to five cytokines from a total of four separate experiments were removed separately after 2 I days incubation. Each colony was replated into a separate well in the presence of five cytokines. Because little or no differences were observed in the replating efficiency and colony type derived from the primary colonies stimulated with the three to five cytokine combinations (data not shown), the data were pooled and are shown in Table 3 . The replating efficiencies (percentage of wells with at least one replated colony) into 2' wells from 1' large HPP-CFC (>2.5 mm) and smaller HPP-CFC ( I to 2.5 mm) colonies were respectively 93% and 8796, whereas only 22% of 1' CFU-GEMM colonies replated in 2 '
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wells. CFU-GEMM colonies gave rise to CFU-GM, BFU-E, and CFU-GEMM colonies in 2 ' wells, and these colonies were not replated further. No colonies and clusters were observed from replated 1' primary CFU-GM (data not shown). The large 1' HPP-CFC colonies generated greater numbers of secondary colonies of large and small HPP-CFC and CFU-GM colonies than did the small I' HPP-CFC colonies, and no 2 ' HPP-CFC colonies were generated from the I' CFU-GEMM colonies. On replating, both large and small HPP-CFC colonies generated large and small HPP-CFC colonies. The results are from one experiment using CD34+++ cells. Eighty wells were evaluated for each point. No HPP-CFC colonies formed in the absence These were small clusters containing less than five red blood cells/group. of serum. When cytokines were used in combination, each cytokine concentration was the same as when the cytokine was used alone.
HPP-CFC colonies from the lo, 2' , 3' , or 4' wells. From the 2' to the 5' wells, the replating efficiency was higher for the larger HPP-CFC (2.5 mm) colonies (69% to 93%) than for the smaller HPP-CFC ( 1 to 2.5 mm) colonies (32% to 87%). On transfer, the large HPP-CFC colonies generated large HPP-CFC colonies up to the 4' wells, whereas on transfer, the small HPP-CFC colonies generated large HPP-CFC colonies only up to the 3' wells. Overall, for replated large HPP-CFC colonies in the 2' to 5' wells, the respective numbers of total colonies formed (large and small HPP-CFC and CFU-GM) per replated colony were 58, 5, 7, and 1 (calculated from data in Table 3 ). For replated small HPP-CFC colonies in the 2' to 5' wells, the respective total numbers of colonies formed per replated colony were 9, 8, 3, and 1. Figure 4A and B show HPP-CFC colonies in the 1' and 4' wells that were generated from HPP-CFC colonies. Surface antigen expression and morphology of cells from cord blood HPP-CFC colonies. Cells in the 1' and 2' small and large HPP-CFC colonies were of a similar morphology and were pooled for analysis. Cells were washed twice with medium and IO% FBS, were stained with monoclonal antibodies to CD2, CD14, CD19, CD33, CD34, CD45, and HLA-DR, and were analyzed by flow cytometry. After substraction of background fluorescence, 42.9%, 28.8%, and 19% of the cells, respectively, expressed CD45, HLA-DR, and CD33 antigens; only 1.15%, 0.75%, and 0.05% of cells, respectively, expressed CD2, CD14, and CD34 antigens. None of the cells expressed CD19. All the cells were positive for a-naphthyl-butyrate staining; 80% of the cells were strongly positive and 20% of the cells were weakly positive. The majority of the Wright's Giemsa-stained cells in HPP-CFC colonies from primary and secondary wells were large in size with a large amount of cytoplasm, and each cell contained one or more nuclei with several nucleoli per nucleus ( Fig 4C) . The morphology of these cells was similar in large and small HPP-CFC colonies formed in the 1' to 5' wells.
DISCUSSION
As originally described,14 HPP-CFC-derived colonies from mouse bone marrow are large (greater than 0.5 mm in diameter), compact, contain about 5 X lo4 cells/colony, and are clearly visible without magnification. HPP-CFC are considered to be very primitive and have been detected in adult bone marrow.18219 We have enriched cells by immunofluorescence and flow cytometry and have studied at a single cell level the characteristics of a population or populations of CD34+++ hematopoietic progenitor cells from human umbilical cord blood. These cells have extensive proliferative and replating capacity in vitro in the presence of serum and combinations of cytokines such as SF, GM-CSF, G-CSF, IL-3, and Epo. These cells seem to be equivalent to the murine HPP-CFC and comprise greater than 50% of the purified CD34+++ population of progenitors that grow as single cells in response to stimulation by multiple cytokines. A single sorted cell gives rise to colonies containing on average up to 9.2 X lo4 cells, and these colonies with cloning efficiencies of 69% to 93% could be replated for at least five single colony transfers every 2 1 days with generation of subsequent large and/or small HPP-CFC and CFU-GM colonies. Even the small HPP-CFC colonies gave rise to large and small HPP-CFC and CFU-GM colonies. The HPP-CFC colonies failed to form in the absence of serum, suggesting that cytokines, in addition to SF, GM-CSF, G-CSF, IL-3, and Epo, were required for formation of these high proliferative colonies; the missing factor(s) may be IL-I and/or macrophage (M)-CSF, or perhaps other cytokines. Because no CFU-GEMM, BFU-E, or CFU-E were observed in the 2' to 5' cultures derived from HPP-CFC colonies, a question arises as to whether the HPP-CFC we were assessing have the multipo- Table 3 . in Table   1 . tential capability noted for murine HPP-CFC." McNiece et all7 showed that murine HPP-CFC-I generated cells that formed day 13 spleen colonies (CFU-SIl), repopulated the bone marrow, had platelet-repopulating ability, and also ery-throid-repopulating ability in lethally irradiated mice, s u p porting the concept that HPP-CFC-I represent a primitive hematopoietic cell population. 16 At present, the potential of HPP-CFC in our system has been restricted to the macrophage lineage. This in part may be caused by the lack of capacity to evaluate the in vivo potential of these human colony cells. It may also be caused by difference in technique. In the report by McNiece et al," I' colonies with > IO cells were picked on day four and pools of colonies from 20 cultures were replated. Such cell populations contained BFU-E, CFU-E, HPP-CFC, and CFU-s-13. This is very different from the procedure used in our study. Under our replating conditions, an HPP-CFC finds itself in the presence of > 10,000 macrophagelike cells in the well. It is possible that presence of such cells biases the differentiation of HPP-CFC toward the macrophage pathway (for example via M-CSF or GM-CSF production). Also, other needed cytokines may be missing from the cultures that would allow this multipoteniality to manifest from the cells we have observed. Alternatively, there may be an earlier cell than the one we have detected chat can give rise to HPP-CFC, CFU-GEMM, BFU-E, and CFU-GM. Further studies are needed in this area. The cells in the 1' to 5' HPP-CFC colonies had an interesting morphology, with apparent multinucleated cells observed. The mechanism of formation of these multinucleated cells remains to be determined. Interestingly, these cells seem similar to those described by other investigatorsz4 in the peritoneum of GM-CSF transgenic mice that reflected responses to overproduction of growth factors. HPP-CFC placed into the I' wells were CD34+'+. The low percentage of CD34-positive cells (0.05%) in the 1' and 2' HPP-CFC colonies does not rule out the possibility that the cells in these colonies, which generate other colonies on replating, are also CD34positive. The present study extends our previous work with relatively unseparated cord blood" by demonstrating that CFU-GEMM colonies derived from a single sorted umbilical cord blood CD34+++ cell can be replated into 2" wells with subsequent generation of many CFU-GM, BFU-E, and CFU-GEMM. Replated CFU-GEMM did not form HPP-CFC colonies. Currently, it is believed that HPP-CFC are more primitive than CFU-GEMM."-" The impressive expansion capacity of these cord blood HPP-CFC may be at least part of the reason that single collections of cord blood ( 5 IO9 nucleated cells total) have successfully engrafted and repopulated the hematopoietic systems of transplant Thus far, cord blood has been used only in transplantation to young children in an allogeneic setting. Whether a single collection ofcord blood can engraft and repopulate an adult remains to be determined. Our recent study in vitroI2 suggests that, based on numbers of CFU-GEMM, BFU-E, and CFU-GM found in single collections of cord blood, this is a good possibility. The present study showing a high frequency of HPP-CFC with extensive replating efficiency in cord blood is consistent with this possibility. Human bone marrow seemed to contain about eightfold fewer HPP-CFC colonies than cord blood in lowells initiated by single CD34++' cells in the presence of five cytokines. We have not yet evaluated the replating potential of For personal use only. on October 30, 2017. by guest www.bloodjournal.org From 48 LU ET AL HPP-CFC from bone marrow. HPP-CFC from cord blood can now be studied at a single cell level to define better their growth, proliferative, expansion, and differentiation characteristics.
Efficiency of Replating HPP-CFC and CFU-GEMM Colonies From Single Sorted CD34'+ Umbilical Cord Blood Cells

CHARACTERISTICS OF CORD BLOOD
